Objective To evaluate the cost effectiveness of interventions designed to prevent falls and fall-related injuries among older people living in residential aged care facilities (RACFs) from an Australian health care perspective. Methods A decision analytic Markov model was developed that stratified individuals according to their risk of falling and accounted for the risk of injury following a fall. The effectiveness of the interventions was derived from two Cochrane reviews of randomized controlled trials for falls/fall-related injury prevention in RACFs. Interventions were considered effective if they reduced the risk of falling or reduced the risk of injury following a fall. The interventions that were modelled included vitamin D supplementation, annual medication review, multifactorial intervention (a combination of risk assessment, medication review, vision assessment and exercise) and hip protectors. The cost effectiveness was calculated as the incremental cost relative to the incremental benefit, in which the benefit was estimated using qualityadjusted life-years (QALYs). Uncertainty was explored using univariate and probabilistic sensitivity analysis. Results Vitamin D supplementation and medication review both dominated 'no intervention', as these interventions were both more effective and cost saving (because of healthcare costs avoided). Hip protectors are dominated (less effective and more costly) by vitamin D and medication review. The incremental cost-effectiveness ratio (ICER) for medication review relative to vitamin D supplementation is AU$2442 per QALY gained, and the ICER for multifactorial intervention relative to medication review is AU$1,112,500 per QALY gained. The model is most sensitive to the fear of falling and the cost of the interventions. Conclusion The model suggests that vitamin D supplementation and medication review are cost-effective interventions that reduce falls, provide health benefits and reduce health care costs in older adults living in RACFs.
Introduction
Falls are common among older people, with one in three people aged over 65 years in the community falling at least once a year [1, 2] . This problem is exacerbated in residential aged care facilities (RACFs), where up to half of all residents fall at least once a year [3] [4] [5] . The consequences of falls are often traumatic, including reduced independence, injury or death [6] . The burden of falls to society is also substantial. In Australia, residents of aged care account for more than one in five fall-related hospital inpatient costs (AU$558.5 million in 2006/2007) [7] . With the population aged over 75 years being projected to more than double in the next 20 years, the number of people living in residential aged care, the number of fall-related hospital admissions and the costs of follow-up care will inevitably rise [8] . Identification and implementation of cost-effective interventions to reduce falls in this setting has the potential to significantly benefit older people and reduce the health care burden.
Evidence from randomized controlled trials has demonstrated a number of strategies that are effective in reducing falls or fall-related injuries among residents of RACFs. These include vitamin D supplementation, medication review, hip protectors and exercise-focused multifactorial interventions delivered by a multidisciplinary team [6, 9] . These interventions can be categorized into three types: (1) interventions designed to reduce the risk of falling; (2) interventions designed to reduce the risk of injury subsequent to a fall; and (3) interventions designed to reduce the risk of falling and injury.
A number of economic evaluations have been published exploring the cost effectiveness of multiple falls prevention interventions in older people in community settings [10] [11] [12] . These have demonstrated that tai chi programmes and psychotropic medication review may be cost effective. A systematic review of economic evaluations found that a home-based exercise programme aimed at those aged 80 years and older may be cost effective [13] . However, the findings of these analyses cannot easily be extrapolated to the RACF setting because the baseline risk of falling, the effectiveness of the intervention and the cost of delivering the intervention may all differ significantly between the community and RACF settings.
In published economic evaluations of interventions targeting older people living in RACFs, the commonly reported outcome is cost per fracture or cost per fall prevented [14] [15] [16] [17] [18] [19] . For example, using this approach, a number of studies have demonstrated that hip protectors are cost effective in preventing hip fractures in residents of RACFs [15, [20] [21] [22] [23] . While this approach is useful for comparing different falls prevention strategies, it does not provide the information necessary to convey whether a particular intervention represents value for money relative to other health care programmes. To overcome this limitation, a cost-utility analysis framework, using a generic outcome measure, is preferred.
Injurious falls directly reduce quality of life, but the fear of falling may also indirectly reduce quality of life by restricting mobility, reducing the capacity to undertake daily activities and causing depression [24, 25] . Iglesias et al. suggest that the fear of falling imposes a significant burden on morbidity, which is detrimental to an individual's quality of life, even in those who have not experienced a fall [26] . The fear of falling and the associated loss in quality of life have largely been ignored in economic modelling of falls prevention in the RACF setting.
This study adds to the literature in a number of ways. First, we adopt a multiple technology appraisal model comparing all effective falls prevention and fall-related injury prevention strategies (as identified by the recent Cochrane reviews [6, 9] ) in RACFs within a single model. The advantages of this approach are that interventions can be ranked according to cost, and dominated interventions (interventions that are most costly and less effective) can be excluded, providing a better indication of the relative cost effectiveness of each strategy. Second, the model has been designed to account for the fact that some interventions may reduce falls, while some are designed to prevent injuries subsequent to a fall. Third, we report the outcomes in terms of quality-adjusted life-years (QALYs) gained, which reflect both physical injuries and psychological effects, such as the fear of falling, which can occur with both injurious and non-injurious falls. Finally, the model accounts for different risks of falling based on an individual's baseline risk profile. In the model, individuals are classified as being at low, medium or high risk of falling, depending on their age and prior history of falls.
Methods

Economic Evaluation
A decision analytic Markov model was developed to assess the cost effectiveness of falls and fall-related injury prevention strategies. The rationale of the model is that falls prevention strategies reduce the number of individuals who fall, and consequently such strategies reduce the risk of falling in the future, which in turn reduces the number of injuries and/or hospitalizations due to falling. Injurious falls can have serious impacts on morbidity and mortality; therefore, any reduction in the number of fall-related injuries is likely to result in measureable increases in QALYs gained. An incremental cost-effectiveness ratio (ICER) was calculated for interventions in the RACF population, using an Australian health system perspective. Please see the technical appendix in the Electronic Supplementary Material for details of the model development.
Model
The Markov model was designed to capture the transition between four health states. Individuals were initially assigned to one of three Markov states: (1) low-risk (individuals who have never fallen); (2) medium risk (individuals who have previously fallen but incurred no injury); or (3) high risk (individuals who have previously fallen and incurred an injury). Individuals are able to transition between these states or to a terminal state, death. Individuals move between states by following a multiple-event decision tree. The decision tree incorporates the ability to adjust the probability of falling or the probability of injury due to a fall (Fig. 1) .
Costs and outcomes were incorporated into the model as a mean value per event per cycle, weighted by the probability of the event occurring. The cycle length was 1 year, and all costs and outcomes were discounted at a rate of 5 % per annum [27] . A sensitivity analysis was conducted (described in detail below). All analysis was conducted using TreeAge Pro Suite 2014 (TreeAge Software Inc., Williamstown, MA, USA).
Effectiveness
The effectiveness data were derived from two systematic reviews conducted by the Cochrane Collaboration [6, 9] . Interventions that significantly reduced the rate of falling or the risk of injury following a fall were included in the model. 1 Medication review, vitamin D supplementation and a multifactorial intervention with a multidisciplinary team all reduced the rate of falling, with the multifactorial intervention also reducing the risk of falling [6] . For these interventions, the estimated rate ratio reported in the reviews was used to adjust the probability of falling for each intervention compared with 'no intervention'. Hip protectors reduce the risk of a hip fracture (rather than rate of falling), and the model was adjusted for this decrease in the risk of injury and not the rate of falling [9] . The rate ratios and risk ratio (for hip protectors) used in the model are listed in Table 1 .
Costs
The cost of each intervention is outlined in Table 1 . Intervention costs were sourced from the Medicare Benefits Schedule (MBS), Pharmaceutical Benefits Scheme (PBS), Department of Veterans' Affairs, New South Wales (NSW) nurse wage rates and other publicly available online price lists. All health care-related costs, including emergency department (ED) attendance, admission to hospital and medical attendances, were sourced from Watson et al. [7] . All costs were adjusted to 2015 dollars, using the average Australian Institute of Health and Welfare (AIHW) health expenditure price index [28] and applied on a per fall basis in the cycle in which they occurred. All costs included in the model and the ranges around the estimates are listed in Table 1 .
A medication review was considered to include a Residential Medication Management Review (RMMR), which includes a review by a pharmacist in collaboration with a general practitioner (GP) and other members of the residents' health care team, plus an MBS item to cover the involvement of the GP in the review. Vitamin D supplementation is based on 1000 IU daily plus 600 mg of calcium daily. The multifactorial interventions included a falls [30] k Conditional probability calculated on the basis of probability of attending an emergency department and being admitted to hospital l Australian Bureau of Statistics (ABS): Population Estimates by Age and Sex (from www.abs.gov.au); and mortality rates for Australian nursing homes based on Liu [46] m Australian population norms for age 75-79 years risk assessment and follow-up, a medication review, education of staff, exercise classes (two per week), an optical assessment and environmental modifications.
Transition Probabilities
The initial population distributions were assigned as follows: 49.5 % were considered low risk (no fall in the previous year) [29] , 39.5 % were considered medium risk (non-injurious fall in the previous year) and 11 % were considered high risk (injurious fall in the previous year). The latter percentage is based on the number of falls requiring hospitalizations [7] . At baseline, the probability of falling in the medium-risk group was set at 50 % per year. The estimated probabilities of falling in the low-risk (32 %) and high-risk groups (72 %) were used to estimate falling rates for the low-risk and high-risk groups adjusted according to the findings of Lord et al. [30] and using expert opinion (Professor Stephen Lord, personal communication). The transition probabilities of attending an ED, consulting other medical services, hospital admission or death due to a fall were obtained from Watson et al. (Table 1 ) [7] . The probability of attending an ED is estimated by dividing the number of falls requiring an ED attendance by the number of falls in each age group. The same calculation is used to estimate the number of falls requiring other medical services. The probability of being admitted to hospital because of a fall, contingent on ED attendance, was calculated as the number of hospital admissions divided by the total number of ED attendances.
Utility
The baseline utility estimates used in the model were based on Australian Population Norms, derived from the SF-36 using the SF-6D algorithm (Household, Income and Labour Dynamics in Australia [HILDA] survey) [31] . A utility decrement (-0.06) was subtracted from the population norms to take into account RACF residential status [32] . Additional utility decrements were also incurred once an individual attended ED (-0.014), was admitted to hospital (-0.144) or had a previous fracture from a fall in the previous year (-0.072). The utility decrements for a hospitalization and previous fall were calculated using a weighted average due to a hip (94 %) or vertebral fracture (6 %) [33, 34] . The utility loss due to a wrist fracture [35] was used for a non-hospitalized injury that presented at ED, as wrist fractures are the most common facture not requiring hospital admission in the older population [36] .
No quality-of-life decrement was assumed in subsequent years after the decrement for a wrist fracture in the first year [37] . A utility decrement to account for the fear of falling (-0.045) was included in the model once a fall occurred, regardless of injury or hospitalization [26] . The decrement was estimated by weighting the mean utility decrement by the respondent's baseline fear of falls from the three studies included in the analysis by Iglesias et al. [26] .
Base-Case Analysis
The starting age of the cohort was based on the mean age of residents in Australian RACFs (84 years) [38, 39] . The model was run until all members of the cohort had died. The costs and benefits of the interventions were assumed to occur in every year of the model. A health care system perspective was adopted for both costs and benefits. The risk of falling was adjusted on the basis of the rate ratio obtained in the literature. For hip protectors, the rate of hospitalization was adjusted each year. Outcomes from the model were measured in terms of falls avoided and QALYs gained. The results include the cost of providing the intervention plus any costs for medical treatment incurred as a result of an injurious fall. In this respect, the 'no intervention' alternative is not costless, because this option incurs the highest fall-related treatment costs.
Sensitivity Analysis
Sensitivity analysis was undertaken using confidence intervals (where available), using the best estimates of ranges or by adjusting the parameter by 25 %. A probabilistic sensitivity analysis (PSA) was also undertaken. A distribution was estimated for each of the parameters in the model, based on either confidence intervals, standard errors or an appropriate range of estimates around the mean. By assigning distributions to the model parameters, a Monte Carlo simulation with 10,000 draws was performed to reflect the joint parameter uncertainty. Table 1 shows the distributions for all of the transition probabilities, costs and utility values included in the model. Table 2 summarizes the estimated costs and outcomes for each intervention. Vitamin D supplementation (AUD$2289) and medication review (AUD$2321) are both less costly than the 'no intervention' option (AUD$2925). This is due to health care costs avoided. The most expensive intervention is the multifactorial intervention, which costs on average AUD$4991. In terms of benefits, the 'no intervention' option is the least effective; under this scenario, it is predicted that individuals will fall on average 2.059 times and gain 1.225 QALYs. Vitamin D supplementation, medication review and multifactorial intervention are the most effective interventions in terms of reduction in falls. On average, it is estimated that vitamin D will result in 0.593 falls being avoided and 1.260 QALYs gained (an average incremental gain of 0.035 QALYs relative to no intervention); medication review will result in 0.818 falls being avoided and 1.273 QALYS gained (an incremental gain of 0.048 QALYs); and multifactorial intervention will result in 0.858 falls being avoided and 1.276 QALYs gained. In terms of cost per fall avoided, vitamin D and medication review dominated 'no intervention', as the health care costs avoided from a reduced number of falls rendered the interventions cost saving compared with 'no intervention' with higher health care costs.
Results
The interventions were then ranked according to their relative cost. Dominated interventions were removed, and ICERs were calculated. The 'no intervention' option is dominated by both vitamin D supplementation and medication review. In other words, both of these interventions are less costly and more effective than 'no intervention'. When the interventions are ranked according to cost, hip protectors are also dominated by vitamin D and medication review. This is because vitamin D supplementation and medication review provide greater benefit at a lower cost than hip protectors. The resulting ICER for medication review compared with vitamin D is AU$2442 per QALY. Multifactorial intervention provides more QALYs than the next best option (medication review); however, the ICER is AU$1,112,500 per QALY gained.
Sensitivity Analysis
The costs of the interventions, starting age of the cohort and fear of falling are drivers in the model. When fear of falling is excluded from the model, vitamin D supplementation and medication review still dominate 'no intervention'. The effect of adjusting the probability of falling or the utility loss from a fracture had little impact on the overall ICERs (Fig. 2 ). An additional sensitivity analysis where hip protectors are limited to medium-and high-risk populations (reflecting a more real-world setting) still resulted in hip protectors being dominated by vitamin D and medication review. Threshold analysis demonstrated that the cost of the multifactorial intervention would need to be lower than AU$280 to be considered cost effective (AU$50,000 per QALY) relative to medication review. Moreover, applying the lower rate ratio for multifactorial intervention (0.50) and the upper rate ratio for medication review (0.72) resulted in an ICER of AU$75,620 per QALY for multifactorial intervention compared with medication review.
The cost-effectiveness acceptability curve (Fig. 3 ) demonstrates the probability of each intervention being cost effective across a range of willingness-to-pay thresholds. At a threshold of AU$0-20,000 per QALY, vitamin D is the most cost-effective option. At a threshold of [AU$20,000 per QALY, medication review supplementation is the most cost-effective option. At a threshold of approximately AU$1,200,000, multifactorial intervention is unlikely to be considered cost effective. Hip protectors and no intervention are not considered to be cost effective.
Discussion
In this paper, we report the findings of a decision analytic model designed to compare the cost effectiveness of interventions with proven effectiveness in preventing falls or fall-related injuries in older people living in RACFs. The findings are interesting for a number of reasons. First, new health technologies generally tend to provide additional benefits at additional cost; however, we demonstrate that vitamin D supplementation and medication review provide additional benefits at lower cost relative to the 'no intervention' option. This is because vitamin D supplements and conducting an annual medication review are low-cost interventions and the health care costs saved when falls are avoided outweigh the costs of providing either intervention. Second, although the multifactorial intervention and hip protectors appear cost effective when compared with 'no intervention' (AUD$41,074/QALY gained and AUD$1935/QALY gained), when compared with the next best alternative (medication review), hip protectors interventions are dominated, as medication review is more effective and less costly. The ICER for multifactorial intervention is greater than AUD$1.2 million, which would not be considered cost effective at current willingness-to-pay thresholds.
These findings demonstrate the importance of using a multiple technology appraisal approach when evaluating the cost effectiveness of a number of competing health care interventions. In the case of falls prevention, where there are a number of possible alternative interventions with demonstrable effectiveness [6] , economic evaluations that compare a single strategy against 'no intervention' may Fig. 2 One-way sensitivity analysis of multifactorial intervention versus 'no intervention'. ICER incremental cost-effectiveness ratio, med medium, RACF residential aged care facility Fig. 3 Cost-effectiveness (CE) acceptability curve representing the probability of each intervention being the most cost effective at various willingnessto-pay thresholds provide spurious cost-effectiveness estimates that overestimate the real value for money. This is because 'no intervention' may not be the best alternative comparator.
ICER
Multifactorial vs. 'No intervention
Many economic evaluations of falls prevention strategies report results in terms of cost per fall avoided [40] [41] [42] [43] [44] [45] . This endpoint is useful when the decision maker has decided to invest in a falls prevention strategy, because the lowest incremental cost per fall avoided can be identified. However, there are limitations to such an approach, since it is difficult to judge whether an intervention represents value for money in terms of the total health care budget. Unless the value that society is willing to pay to avoid a fall is known, an alternative approach is required. The approach taken in this paper was to use the generic outcome measure of QALYs gained. The advantage of using QALYs as the outcome measure is that interventions aimed at different health conditions (not just falls prevention) can be compared. In fact, it was essential to use QALYs in this model because multiple endpoints were compared. For example, evaluations of medication review typically measure success in terms of falls avoided, while the effectiveness of hip protectors is usually measured in terms of fractures avoided. For an intervention to be cost saving, the model assumes that the health care costs avoided compensate for the cost of the interventions. Given the health funding arrangement in Australia, this would require the federal and state governments to subsidize the falls prevention strategies within RACF facilities. If the RACF facilities funded the intervention without subsidization, then the assumption of cost saving would no longer apply to the RACF facility.
Another advantage of using QALYs is that other factors considered important can be incorporated into the modelfor example, fear of falling. The fear of falling decrement used in the model captures the anxiety and loss of confidence that may occur following a fall. When the utility decrement for fear of falling is excluded from the model, vitamin D supplementation and medication review still dominate 'no intervention' (since they are both cost saving). A criticism of including a utility for fear of falling in the model is that it may result in double counting, as the disutility associated with an injurious fall may have already been taken into account in the QALY measurement.
There are number of limitations to the model. It is assumed that the benefits and costs of the interventions are incurred each year the model is run. This assumption may overestimate the cost effectiveness of interventions if the results of the clinical trial cannot be replicated in subsequent years. The point estimates used in the economic model are based on Cochrane reviews of interventions aimed at falls prevention and falls-related injuries [6, 9] . While random-effects models may explain statistical heterogeneity, they do not fully take into account heterogeneity within interventions. For example, the duration of the follow-up is not consistent between studies, and the pooled estimates of costs and effectiveness may mask the fact that intensive interventions (e.g. higher doses of vitamin D versus lower doses of vitamin D, or exercise three times a week compared to once a week) are more effective relative to the cheaper equivalent. Furthermore, the authors of the Cochrane review caution that the effectiveness of hip protectors remains uncertain because of bias in many of the cluster-randomized trials, low adherence rates among participants and extrapolation of the results to all types of hip protectors. Finally, the generalizability of the results may not be as strong for multifactorial interventions compared with vitamin D or medication review, given the variation in the delivery of the interventions across jurisdictions.
Previous studies have demonstrated that hip protectors are either cost effective or cost saving relative to 'no intervention' for the prevention of hip fractures [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Our results concur with these findings when compared with 'no intervention'; however, hip protectors were extendedly dominated by a combination of vitamin D and 'no intervention'. The other interventions included in this study have largely been ignored in the cost-effectiveness literature. Although we conclude that some falls prevention interventions may be cost saving and may dominate the 'no intervention' option, clearly this depends on the perspective of the analysis. In this study, we adopt a health care system perspective, which assumes that the provider of health care services also funds the falls prevention intervention. If this is not the case (e.g. private provision of RACF services), the cost savings estimated in this analysis may not be realized by the funder of the intervention.
Conclusion
Fall-related injuries are a leading cause of morbidity and mortality in older people living in RACFs. We found that 'no intervention' was dominated by vitamin D supplementation and medication review, since these low-cost interventions provide additional health benefits at lower costs than the 'no intervention' option. Relative to vitamin D supplementation, medication review appears to be cost effective; hip protectors and multifactorial interventions are unlikely to be cost effective from an Australian health care system perspective.
